Measurement of the χ b (3P ) mass and of the relative rate of χ b1 (1P ) and χ b2 (1P ) production
Introduction
The study of production and properties of heavy quark-antiquark bound states (quarkonia) provides an important test of the underlying mechanisms described by quantum chromodynamics (QCD). The quarkonium (cc and bb) states in which quarks have parallel spins include the S-wave (J/ψ , Υ ) and the P -wave (χ c , χ b ) states, where each of the latter comprises a closely spaced triplet of J = 0, 1, 2 spin states (χ cJ , χ bJ ). In high-energy proton-proton collisions at the LHC,pairs (q = c, b) are expected to be produced predominantly via a hard gluon-gluon interaction followed by the formation of bound quarkonium states. The production of thepair is described by perturbative QCD, while non-perturbative QCD is needed for the description of the evolution of thepair to the bound state. Several models have been developed for this non-perturbative part such as the colour singlet model [1] [2] [3] and the non-relativistic QCD (NRQCD) model [4, 5] , which also includes the production of quarkonium via the colour octet mechanism. Recent studies support the leading role of the colour singlet mechanism [6, 7] . Measurements of the relative rate of J = 1 and J = 2 states provide information on the colour octet contribution. This relative rate is also predicted to have the same dependence on the meson transverse momentum (p T ) in χ b and χ c states, once the p T of the χ b meson is scaled by the ratio of χ c and χ b masses [8] .
Measurements of χ c production and the ratio of the χ c1 and χ c2 production crosssections have been made previously using various particle beams and energies [9] [10] [11] [12] [13] . All the χ b states are below the BB threshold (where B stands for b mesons) and therefore can be studied through their radiative decays to the Υ mesons, in the same way as the χ c states were studied through their radiative decays to the J/ψ meson [13] .
In this paper we report a measurement of the ratio of χ b2 (1P ) to χ b1 (1P ) production cross-sections σ(pp → χ b2 (1P )X)/σ(pp → χ b1 (1P )X) at centre-of-mass energies of √ s = 7 and 8 TeV in the rapidity range 2.0 < y < 4.5 as a function of the Υ (1S) transverse momentum from 5 to 25 GeV/c. The full LHCb sample is used, corresponding to an integrated luminosity of 3.0 fb −1 . The observation in LHCb data of the recently observed χ b (3P ) state [14, 15] is also presented. The measurement of its mass and of the mass splitting between the χ bJ (1P ) states (J = 1 and J = 2) provide useful information for testing QCD models [16] [17] [18] .
The kinematically allowed transitions χ b (1P ) → Υ (1S)γ, χ b (2P ) → Υ (1S)γ, χ b (3P ) → Υ (1S)γ and χ b (3P ) → Υ (2S)γ are studied. The Υ (mS) (m = 1, 2) meson is reconstructed in the dimuon final state and only photons that convert in the detector material are used. The converted photons are reconstructed using e + and e − tracks, allowing a separation of the χ b1 and χ b2 mass peaks, due to the improved energy resolution of converted photons with respect to that of photons identified with the calorimeter. Any contribution from the χ b0 mesons decays is neglected, as their radiative decay rate is expected to be suppressed by an order of magnitude compared to that of the χ b2 meson [17, 19] . 1 candidates. Since the acceptance is lower for photons that convert in the VELO and the energy resolution is worse, only γ → e + e − candidates without VELO hits are considered. This selection strongly favours conversions that occur between the downstream end of the VELO and the first tracking station upstream of the magnet. The e + e − candidates are required to be within the ECAL acceptance and to produce electromagnetic clusters that have compatible coordinates in the non bending plane. Any photon whose position in the ECAL is compatible with a straight line extrapolation of the electron track from the first tracking station is considered as a bremstrahlung photon. Its energy is added to the electron energy. If the same bremsstrahlung candidate is found for both the e + and the e − , the photon energy is added randomly to one of the tracks. The e + and e − tracks (corrected for bremsstrahlung) are then extrapolated backwards in order to determine the conversion point and a vertex fit is performed to reconstruct the photon momentum. The transverse momentum of the photon candidate (p γ T ) is required to be larger than 600 MeV/c and the invariant mass of the e + e − pair is required to be less than 50 MeV/c 2 , which removes most of the combinatorial background. The resulting purity of the photon sample is determined from simulation to be about 99%.
The Υ candidate is reconstructed in its decay to the µ + µ − final state. Each track must be identified as a muon with p T > 2 GeV/c and p > 8 GeV/c. The two muons must originate from a common vertex with vertex fit χ 2 /ndf smaller than 25. Only Υ candidates with transverse momentum (p Υ T ) greater than 4 GeV/c are kept. Figure 1 shows the invariant mass of Υ candidates. The mass resolution is about 43 MeV/c 2 . The accepted mass ranges for the Υ (1S) and for the Υ (2S) candidates are given in Table 1 .
The Υ and γ candidates are each associated with the primary vertex (PV) relative to which they have the smallest impact parameter χ 2 , defined as the difference between the χ 2 of the PV reconstructed with and without the considered tracks. They are then combined to form a χ b candidate. The χ b decay time has to be smaller than 0.1 ps (about 5 times the observed resolution). Loose requirements are applied in order to reject combinatorial background and poorly reconstructed candidates using the following variables: the difference in z-positions of the primary vertices associated with the Υ and γ candidates, the χ 2 of the χ b candidate vertex fit and the difference between the χ 2 of the PV fitted with and without the χ b candidate. These requirements remove about 30% of the background and 8% of the signal. The cosine of the angle between the photon momentum in the χ b rest frame and the χ b momentum is required to be positive. This requirement halves the background while preserving 92% of the signal. The χ b candidates are selected in the rapidity range 2.0 < y < 4.5.
The χ b candidates' mass is defined as m
2 and m(Υ (2S)) = 10023.3 ± 0.3 MeV/c 2 are the known Υ mass values [19] . This allows a nearly exact cancellation of the uncertainty due to the Υ mass resolution and any possible bias on the Υ candidates mass. The χ b mass resolution is therefore dominated by the resolution on the photon energy. The requirements on p Υ T and p γ T and the Υ signal mass ranges used for each χ b (nP ) → Υ (mS)γ decay mode are given in Table 1 . 
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Sample composition and fit model
Two background sources are considered in the sample of χ b candidates. One source is the non-Υ background originating mainly from the Drell-Yan process where the dimuon pair is combined with a photon. The second source is the combinatorial background where a genuine Υ is combined with a random photon. The functions used for the fits are the sums of a background and signal functions. The χ b1 and χ b2 peaks are each parametrised with a double sided Crystal Ball (CB) function [27] :
where the index i = 1(2) refers to the χ b1 (χ b2 ) CB function. The CB left tail accounts for events with unreconstructed bremsstrahlung, while the right tail accounts for events with overcorrected bremsstrahlung. Simulation shows that the same tail parameters α R and n L,R can be used for all the χ bi (nP ) states, n L = n R = 2.5 and α R = 1.0, while different values of α L have to be used: α L = 0.20, 0.25 and 0.30, for the χ bi (1P ), χ bi (2P ) and χ bi (3P ) shapes, respectively. Since in the study of χ c states it was found that the CB tail parameters were similar in data and simulation [13] , the values found with simulation are used for the χ b . The CB width, σ, increases with the mass difference between the considered χ b and Υ states. Fits to the mass distributions of χ b (1P ) → Υ (1S)γ and χ b (2P ) → Υ (1S)γ candidates indicate that the width is 10% − 20% larger in data than in simulation. Therefore, the CB width is fixed to the value found with simulated events increased by 10% and it is varied by ±10% for studies of the systematic effects.
The shape of the non-Υ background and its amplitude are estimated using the Υ mass sidebands shown in Fig. 1 and given in Table 1 . The mass distribution of these candidates is fitted with an empirical function
where m 0 , a, b and c are free parameters. This function is then used to parametrise the non-Υ background contribution with all parameters fixed to the fitted values. The shape of the combinatorial background is estimated using the inclusive Υ simulated sample and parametrised with Eq. (2). All parameters are fixed to the values found with simulation except for the normalisation. In the case of the χ b (3P ) → Υ (2S)γ transition, this shape does not reproduce the data properly and the value of the m 0 parameter is therefore left free in the fit. This discrepancy is due to mismodeling of the p Υ T spectrum in simulation and is accounted for in the systematic uncertainties.
The fits have at most six free parameters: the mean mass value for the χ b1 peak m 1 , the mass difference between the χ b2 and χ b1 peaks ∆m 12 , the normalisation of the χ b1 CB function A 1 , the ratio of the χ b2 to χ b1 CB amplitudes r 12 , the normalisation of the combinatorial background A comb and the m 0 parameter for the combinatorial background shape.
χ b meson masses

Mass measurements
The masses of the χ b mesons are determined using unbinned maximum likelihood fits to the χ b mass distributions using the parametrisation described in Sec. 4 . Figures 2 (a) and (b) show the mass distributions for the χ b (1P ) → Υ (1S)γ and χ b (2P ) → Υ (1S)γ decays with the fit results overlaid. In these fits the free parameters are m 1 , A 1 , ∆m 12 , r 12 and A comb . Table 2 reports the resulting mass determinations for these states compared to the world average values [19] . A small bias is expected on the measured masses, attributed to unreconstructed bremsstrahlung of the e + e − pair. This bias is proportional to the Q-value of the transition and is expected, from simulation, to be about −0.5 and −1.5 MeV/c 2 for the χ b (1P ) → Υ (1S)γ and χ b (2P ) → Υ (1S)γ decays, respectively. The measurements given in Table 2 are not corrected for this bias and are consistent with such a bias. On the other hand the χ b (3P ) mass measured using the χ b (3P ) → Υ (mS)γ transitions is corrected for the bias estimated with simulation, −3.0 ± 2.0 MeV/c 2 and −0.5 ± 0.5 MeV/c 2 for m = 1 and m = 2, respectively, where the uncertainties cover possible discrepancies between data and simulation.
In the case of the χ b (3P ) meson, the mass splitting and the relative yields are also fixed, as the spin-1 and spin-2 peaks cannot be separated. Theory predictions vary from 9 to 12 MeV/c 2 [16, 17] for ∆m 12 and this parameter is fixed to 10.5 MeV/c 2 . The value of r 12 is fixed based on theoretical predictions [17] and our experimental measurement. It can be expressed as the product of the ratio of branching fractions to Υ γ and of the ratio of production cross-sections of the χ b2 (3P ) and χ b1 (3P ) states. Predictions for branching fractions are found in Refs. [17, 18] . The predictions from Ref. [17] agree well with the experimental measurements for the χ b (1P ) and the χ b (2P ) mesons. The model of Ref. [17] predicts similar values for the two transitions, B(χ b2 (3P ) → Υ (mS)γ))/B(χ b1 (3P ) → Υ (mS)γ) ≈ 0.47 (m = 1, 2). According to Ref. [8] the ratio of production cross-sections is expected to be the same for the χ b (3P ) and χ b (1P ) mesons and thus, using the measurement detailed in Sec. 6, we obtain σ(χ b2 (nP ))/σ(χ b1 (nP )) = 0.9 ± 0.2.
To summarise, the value r 12 = 0.47 × 0.9 = 0.42 is used in the fits to the mass distributions associated with the transitions of the χ b (3P ) meson to Υ (1S) and Υ (2S) mesons. Table 3 gives the result of the fits to the mass distributions for the χ b (3P ) → Υ (1S)γ and χ b (3P ) → Υ (2S)γ transitions. A simultaneous fit to these two distributions is also performed and the result is reported in the last column of Table 3 . Figure 2 shows the results of these fits. The χ b (3P ) → Υ (1S)γ and χ b (3P ) → Υ (2S)γ decays are seen with a statistical significance, determined from the likelihood ratio of the fits with background only and with signal plus background hypotheses, of 6.0σ and 3.6σ respectively. The total statistical significance determined with the simultaneous fit is 6.9σ. (n, m)
( 
Systematic uncertainties
The systematic uncertainties on the measurement of the χ b (nP ) (n = 1, 2) mass splitting and of the χ b (3P ) mass are detailed as follows. First the systematic uncertainties related to the signal parametrisation are considered. The χ b0 contribution is expected to be small because its branching fraction to Υ (1S)γ is less than 2% for χ b (1P ) and χ b (2P ) mesons [19] . In order to estimate the systematic uncertainty due to the presence of a χ b0 or another unknown state, a third CB function is added to the fit, with a peak position fixed to the world average value for the χ b (nP ) for n = 1, 2 and left free for the χ b (3P ). The resulting yield of χ b0 mesons is compatible with zero. The Gaussian width of the CB function is varied within ±10% to cover possible differences between data and simulation. For these two fit variations, the differences between results of the nominal and alternative fits are taken as systematic uncertainties, added in quadrature and referred to as signal uncertainty in Table 4 .
Imperfect modelling of the background is also considered as a possible source of systematic uncertainty. The normalisation of the non-Υ background is varied within the uncertainty of the estimated number of background events under the Υ peak (typically 10%). Negligible variations are observed when the shape of this background is determined using only the low or the high mass sideband. Therefore no systematic uncertainty is assigned Table 4 : Summary of the systematic uncertainties on the χ b (nP ) (n = 1, 2) mass splitting and on the χ b1 (3P ) mass in MeV/c 2 . The last column refers to the simultaneous fit to the two transitions. from the non-Υ background modelling. The shape of the combinatorial background is particularly sensitive to the m 0 value, therefore this parameter is varied within twice its uncertainty. In the case of the χ b (3P ) → Υ (2S)γ transition, where the value of m 0 is left free in the fit, the value found in simulation is used in an alternative fit, leading to a change of 0.1 MeV/c 2 on the χ b (3P ) mass. The fit range is also varied by ±100 MeV/c 2 on both sides. The differences between results of the nominal fit and these two alternative fits are taken as systematic uncertainties and added in quadrature. The resulting systematic uncertainty is referred to as background uncertainty.
The uncertainty on the mass bias (2.0 and 0.5 MeV/c 2 for the χ b (3P ) mass measurement based on the transition to Υ (1S) and Υ (2S) respectively) is assigned as systematic uncertainty. For the simultaneous fit to the two χ b (3P ) mass distributions, the two biases are varied independently within their uncertainties and the largest variation is taken as systematic uncertainty. A small bias is expected on the χ b (1P ) mass splitting and is estimated to be at most 0.10 MeV/c 2 , which is added as a systematic uncertainty. No significant bias on the χ b (nP ) mass splitting is expected from the fit procedure.
For the determination of the χ b (3P ) mass, the ∆m 12 and r 12 parameters are fixed in the nominal fit. They are varied independently within their expected uncertainties in order to evaluate the associated systematic uncertainties. The mass splitting, ∆m 12 , is varied between 9 and 12 MeV/c 2 and the r 12 parameter is varied by ±30%, which includes theoretical uncertainties and the precision on the χ b (1P ) production ratio measured in this work and used to estimate r 12 .
Finally, the 0.3 MeV/c 2 uncertainty on the world-average values of the Υ (1S) and Υ (2S) masses is added as a systematic uncertainty to the χ b (3P ) mass. Table 4 lists the individual systematic uncertainties. The total systematic uncertainty is the quadratic sum of all individual uncertainties. 6 Relative rate of χ b2 (1P ) and χ b1 (1P ) production
Measurement of the relative rates
The production cross-section ratio of the χ b2 (1P ) and χ b1 (1P ) mesons is measured in three p Υ T ranges of different size (the bin limits are given in Table 5 ) using
where σ(χ bJ ) (J = 1, 2) is the χ bJ (1P ) meson production cross-section; N χ bJ is the χ bJ (1P ) yield; ε χ bJ is the efficiency to trigger, detect, reconstruct and select a χ bJ meson including the contribution from the approximately 20% probability for a photon to convert upstream of the first tracking station; and B(χ b1 (1P ) → Υ (1S)γ) = (33.9 ± 2.2)% and
2)% are the known branching fractions [19] . The inefficiency is dominated by the converted photon acceptance and reconstruction: low-energy photons produce low-energy electrons, which have a high chance to escape the detector due to the magnetic field. The efficiency of converted photon reconstruction and selection relative to non-converted photons is measured in Ref. [13] and ranges from about 1% at p γ T of 600 MeV/c to 3% at p γ T of 2000 MeV/c. These numbers include the conversion probability. Due to the correlation between the p T of the photon and that of the Υ meson, the efficiency is lower for low p Υ T . The ratio of efficiencies is given in Table 5 . This ratio differs from unity because the p Υ T spectrum is different for χ b1 and χ b2 in Pythia 8, as expected [8] . The ratio of efficiencies is also calculated assuming equal p T spectra. It is still slightly different from unity due to the small difference in the χ b1 and χ b2 masses.
The mass distribution of χ b candidates in each p Υ T bin is fitted using the signal and background functions described in Sec. 4. In these fits the mass of the χ b1 state and the mass splitting are fixed to the values found from the fit to the whole data set (see Table 2 ) and then varied within their uncertainties for systematic studies. The result of the fit is shown in Fig. 3 and the ratio of yields is given in Table 5 for each p Υ T range.
Systematic uncertainties
The same sources of systematic uncertainties as for the mass measurements (see Sec. 5.2) are investigated and reported in Table 6 . Additional systematic checks relevant only for the relative rates of χ b2 (1P ) and χ b1 (1P ) are detailed as follows. The dominant uncertainty on the ratio of efficiencies is due to the limited knowledge of the efficiency for reconstructing converted photons, which is estimated following Ref. [13] and amounts to 4% on the relative rates. This uncertainty is added in quadrature to the uncertainty due to the limited size of the simulated sample.
Due to the large size of the p T bins, the efficiency depends on the choice of the p T spectrum of χ b production as discussed in Sec. 6.1. In order to assess the uncertainty due to the shape of the p T spectrum, the simulated χ b2 (χ b1 ) spectrum is changed to be identical to the simulated χ b1 (χ b2 ) spectrum. The relative difference in the ratio of efficiencies is taken as a systematic uncertainty.
The fit is also performed on simulated data and a mean bias of (−4 ± 4)% is observed +0.12 −0.13 +0.13 −0.14 on the relative yields. A systematic uncertainty of ±4% is added to take the possible bias into account. The values of the χ b1 (1P ) mass m 1 and of the mass splitting ∆m 12 are also varied within their uncertainties from Table 2 . The variation of the result is taken as systematic uncertainty and is added in quadrature to the uncertainty referred to as signal. Table 6 lists the systematic uncertainties on the relative rates. The total systematic uncertainty is the quadratic sum of all individual uncertainties. The ratio of cross-sections is also affected by the uncertainties on the branching fraction of χ b (1P ) → Υ (1S)γ, leading to an additional systematic uncertainty of 9.0% [19] .
Results
The results for the χ b is derived from the radiative transition to the Υ (2S) transition, where evidence is found for the χ b (3P ) with a statistical significance of 3.6σ. The systematic uncertainty related to r 12 is largely uncorrelated between the Υ (2S) and Υ (1S) channels as the branching fractions of χ bi to final states involving Υ (1S) and to Υ (2S) mesons can be different. By Table 7 : Relative production cross section of χ b1 to χ b2 mesons for the 1P state for each p Υ T bin. The first uncertainty is statistical, the second is the systematic uncertainty and the third is due to the uncertainty on the branching fractions. treating the systematic uncertainties related to the mass splitting and to the mass bias as fully correlated and all other uncertainties as uncorrelated, the two results for the χ b1 (3P ) mass differ by 9.3
A combined fit is performed leading to m(χ b1 (3P )) = 10515.7
In these measurements, the relative rate of χ b2 to χ b1 , is assumed to be r 12 = 0.42 for the two transitions. The χ b1 (3P ) mass result exhibits a linear dependence on the assumed fraction of χ b1 decays and varies from 10517.6 to 10515.2 when the χ b2 /χ b1 yield ratio changes from zero to 0.5. This result is compatible with and significantly more precise than that reported by the ATLAS experiment, m(χ b (3P )) = 10530 ± 5(stat) ± 9(syst) MeV/c Table 7 . Figure 4 (a) shows a comparison of the measured values with LO NRQCD predictions from Ref. [8] . The common systematic uncertainty (9.0%) due to the branching fraction of χ b → Υ (1S)γ is not shown. Theory predicts the χ c and χ b ratio of production cross-section to be the same when the χ c p T value is scaled by the ratio of the χ b and χ c masses [8] . As the χ b (χ c ) and Υ (J/ψ ) p T are strongly correlated, this is assumed to be valid when replacing the χ b (χ c ) by the Υ (J/ψ ) p T . The measurement obtained by LHCb for the χ c production ratio [13] with the p T axis scaled accordingly is also shown for comparison. The χ b results are in good agreement with the scaled χ c results. These results are not precise enough to establish the deviation from unity predicted by theory at low p T , but the agreement is better with a flat dependence. Our results are also in agreement with the CMS results [28] as shown on Fig. 4 (b) .
Conclusion
The radiative decays of χ b mesons to Υ mesons are reconstructed with photons converting in the detector material. Owing to the good energy resolution obtained with converted photons, the χ b (1P ) states are separated and the mass splitting between the χ b1 (1P ) and χ b2 (1P ) is measured. The χ b (3P ) mass is measured using its radiative decays to the Υ (1S) and Υ (2S) mesons yielding, m(χ b1 (3P )) = 10515.7
This result is compatible with the measurement performed by LHCb with the radiative decays to the Υ (3S) meson that uses non-converted photons [29] , m(χ b1 (3P )) = 10511.3 ± 1.7(stat) ± 2.5(syst) MeV/c 2 . Since the photon reconstruction is based on different subdetectors, the experimental systematic uncertainties are uncorrelated, while the uncertainty related to the model used for summing the J = 1 and J = 2 contributions (parametrised with the mass splitting ∆m 12 and the relative rates r 12 ) are fully correlated. The combined value is m(χ b1 (3P )) = 10512.1 ± 2.1(exp) ± 0.9(model) MeV/c 2 ,
where the first uncertainty is experimental (statistical and systematic) and the second accounts for varying ∆m 12 from 9.0 to 12.0 MeV/c 2 and r 12 by ±30%. This result is in agreement with the theoretical prediction of Ref. [17] , m(χ b1 (3P )) = 10516 MeV/c 2 . The first measurement of the relative ratio of χ b1 to χ b2 cross-sections is performed for the χ b (1P ) state in the rapidity range 2.0 < y < 4.5 for p Υ T from 5 to 25 GeV/c. The results agree with CMS results [28] and with theory expectation based on LHCb χ c measurements [13] . The data indicate a deviation from the rise predicted by the LO NRQCD model at low p T and show a better agreement with a flat dependence. [ 
